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Phenol is an organic pollutant found in various types of industrial wastewater. Due to its bactericidal properties, it is diﬃcult to
eliminate it by classic treatment methods. In this work, the degradation of this compound by Fenton reaction at mild temperature
and pressure conditions is studied. An experimental design was applied in order to quantify the inﬂuence of operating parameters
on the eﬃciency of this method. The ﬁeld of study was deﬁned between 20 and 50◦Cf o rt h et e m p e r a t u r e ,1a n d4gL −1 for the
phenol concentration, 10 and 28 for the H2O2 to phenol molar ratio, and 0.02 to 0.08 for the Fe(II) to phenol concentration ratio.
It was shown that the temperature and the amount of catalyst have a strong inﬂuence. A model giving the decrease of COD was
established. The COD decrease was between 40% and 72% and phenol had totally disappeared.
1. INTRODUCTION
During its use in industrial processes, water may be polluted
by diﬀerentcompounds.Theeﬄuentsmustbetreatedbefore
dumping to limit the environmental impact. However, some
compounds are diﬃcult to eliminate because of their high
chemical stability and/or their high concentration.
Phenol, which is largely used in chemical industry, is
one of these compounds. In France, phenol in liquid eﬄu-
ents amounted to 54 tons in 2000 [1]. In addition to its
organoleptic properties (it gives a characteristic taste and
odor to water even at low concentrations), it is also a bac-
tericide. So its treatment by classic water treatment meth-
ods (including a biological treatment step) is diﬃcult at high
concentrations. Thus, its degradation by a speciﬁc method
should be performed directly after its production before it is
sent to the sewage treatment plants.
An eﬃcient method may be the use of an advanced ox-
idation process: Fenton, photo-Fenton, O3/UV, O3/H2O2,
O3/UV/H2O2. Generally, these methods lead to high degra-
dation ratios [2, 3, 4, 5].
ThisstudyisbasedontheuseoftheFentonreaction.The
objective of this method is the formation of hydroxyl radi-
cals, HO·, through the decomposition of hydrogen peroxide
H2O2 catalyzed by iron in the form Fe(II). These radicals,
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having a short lifetime, are some of the most powerful oxi-
dizers in water and allow the degradation of a lot of organic
compounds.
Previous studies showed that the concentrations of phe-
nol, iron, and hydrogen peroxide, and temperature, and pH
have a signiﬁcant inﬂuence on the eﬃciency of this method.
The aim of this study is to quantify the inﬂuence of these pa-
rameters by modeling the eﬃciency of the reaction measured
by chemical oxygen demand (COD) decrease, expressed in
percentage. The experiments were performed to a factorial
experimental design.
2. PRELIMINARY CONSIDERATIONS
2.1. Fenton’sreaction
H2O2 is largely used in oxidation processes. Its oxidizing
properties are not only due to the presence of an active oxy-
gen atom in the molecule, but also to its ability to partici-
pate in radical reactions, with the homolytic cut of the O−O
boundleadingtotheformationoftheHO· radical.Thisabil-
ityisenhancedbythepresenceofcompoundsabletoactivate
these radical decomposition mechanisms.
Fenton’s reaction is based on the following principle: in
the presence of Fe(II) as a catalyst, a succession of reactions
induces the formation of hydroxyl radicals, used to oxidize
the organic pollutant [6, 7]:
Fe2++H2O2 −→ Fe3++HO· +HO − (K =76.5Lmol
−1s−1).
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Table 1: Matrix of experiments (A) and experimental results (Y).
N
Reduced coordinates Real variables Response
X1 X2 X3 X4 [Phenol] (g L−1)n H2O2/nphenol [Fe2+]/[phenol] T(◦C) y = COD decrease (%)
1 −1 −1 −1 −1 11 0 0 .02 20 41.5
2 1 −1 −1 −1 41 0 0 .02 20 44
3 −11 −1 −1 12 8 0 .02 20 50
4 11 −1 −1 42 8 0 .02 20 40
5 −1 −11 −1 11 0 0 .08 20 59
6 1 −11 −1 41 0 0 .08 20 61
7 −111 −1 12 8 0 .08 20 50
8 111 −1 42 8 0 .08 20 65
9 −1 −1 −11 11 0 0 .02 50 51.5
10 1 −1 −11 41 0 0 .02 50 58
11 −11 −11 12 8 0 .02 50 55
12 11 −11 42 8 0 .02 50 52.5
13 −1 −111 11 0 0 .08 50 72
14 1 −111 41 0 0 .08 50 72
15 −1111 12 8 0 .08 50 71
16 1111 42 8 0 .08 50 68
Fe(II) can be regenerated in the following way:
Fe3+ +H 2O2 +H 2O
 FeOOH2+ +H 3O+ (Keq = 3.1 × 10−3),
(2)
FeOOH2+ −→ HO
·
2 +F e 2+ (K = 2.7 ×10
−3s
−1), (3)
Fe3++HO2· −→ Fe2+ +O 2+H+ (K<2 × 103Lm o l
−1s
−1).
(4)
Firstly, hydroxyl radicals attack the phenol to form cate-
chol and hydroquinone [8]. The decomposition of these by-
products then gives ring opened products such as glyoxalic,
formic, oxalic, fumaric, maleic acids, which can be easily re-
moved by biological treatment.
In order to avoid the decomposition of H2O2,r e a c t i o n
(2) must be inhibited by limiting the amount of H2O2 in
the reaction medium. This can be achieved if it is introduced
continuously. The pH of the reaction mixture, on the other
hand, must be kept between 2 and 4, ﬁrstly in order to avoid
the formation of Fe complexes that can decrease the eﬃ-
ciency of the catalyst and secondly to favor the formation of
a stable and electrophilic structure via solvation of a proton
by an H2O2 molecule [6].
2.2. Experimentaldesign
The objective of an experimental design is to quantify the
impact of the experimental factors on the eﬃciency of the
treatmentbyestablishingamathematicalmodel:eﬃciency =
f(factor 1,factor 2,...). Here, a ﬁrst-degree model design
was applied, and the relation obtained was (for n variables)
y = a0 +
i=n 
i=1
aiXi +
n−1 
i=1
n 
j>i
aijXiXj
+
n−2 
i=1
n−1 
j>i
n 
k>j
aijkXiXjXk + ···,
(5)
where y is the response of the system (decrease of COD), Xi
is the reduced coordinate of variable i, ai is the coeﬃcient of
the model.
The maximal value of the ﬁeld of study was associated
to the reduced coordinate +1, and the minimal value to the
reduced coordinate −1.
Fora4-variableexperimentaldesign,16coeﬃcients have
tobedetermined.Theexperimentaldesignconsistsinsetting
up a system of equations to ﬁnd these coeﬃcients by investi-
gating the ﬁeld of study of every variable. Hence, the resolu-
tion requires 16 diﬀerent equations:
y1 = a0 +a1X1,1 + ···+a1234X1,1X2,1X3,1X4,1,
. . .
y16 = a0 +a1X1,16 + ···+a1234X1,16X2,16X3,16X4,16,
(6)
where yj is the response of the system to experiment j, Xij is
the value of variable i for experiment j.
The experimental design used for this study is presented
in Table 1. The previous system of equations can be repre-
sented in a matrix shape as follows:
(Y) = (A) ·(a), (7)
where (Y) is the matrix of the results, (A) is the matrix of the
experimental design, and (a) is the matrix of the coeﬃcients.
As (tM · M)−1 · (tM · M) = (I), by multiplying every
member of the previous equation by (tA · A)−1 · (tA), the
following equation is obtained:
(a) = (tA ·A)
−1 · (tA) ·(Y). (8)
This relation allows all of the coeﬃcients of the model to be
determined.Modeling of Fenton Reaction for Oxidation of Phenol in Water 33
3. EXPERIMENTAL SETUP
3.1. Procedure
The experiments were carried out in a thermostated batch
reactor of 1 L equipped with a reﬂux condenser and a me-
chanical stirrer (Figure 1). A volume of 500mL of solution
of phenol and Fe(II) was introduced into the reactor un-
der stirring at a constant temperature value. The hydrogen
peroxide was introduced continuously by means of a peri-
staltic pump. The liquid samples, taken via the drain valve,
wereanalyzedinordertofollowtheevolutionofphenolcon-
centration and COD degradation. Immediately before mea-
surement, the excess of H2O2 remaining in the samples was
removed by adding an equivalent amount of sodium sul-
ﬁte.
3.2. Materialsandmethodsofanalyses
The catalyst in the form of FeSO4,7 H 2O, the phenol in the
formofcrystals,the30%hydrogenperoxide,andthesodium
sulﬁte came from VWR, Paris, France. Other compounds
used for the determination of by-products were obtained
fromSigmaAldrich,Lyon,France.Allthesolutionswerepre-
pared with distilled water.
The phenol and the by-products were analyzed by HPLC
(model SS Wakosil II 5C18RS), equipped with a UV detec-
tor (λ = 210nm) by using as a mobile phase a mixture of
acetonitrile : water / 50 : 50 in a ﬂow of 1 mL min−1.T h e
CODwasmeasuredbymethod8000ofHACHwiththespec-
trophotometer DR/2000.
4. EXPERIMENTAL RESULTS
4.1. Preliminaryexperiments
First a series of experiments was conducted to determine the
limit duration of the reaction: it seems that after two hours,
while the reaction was as slow as possible (low temperature
and low concentration of catalyst) the COD value (Figure 2)
does not change. A limit of two-hour duration was thus re-
tained for all the experiments.
Furthermore,HPLCanalysesshowedthatthephenoldis-
appeared in the ﬁrst minutes of the reaction, and that the
main by-products formed were catechol, hydroquinone, ox-
alic acid, acetic acid, and formic acid. Small amounts of
maleic acid and acrylic acid were also detected.
4.2. Experimentaldesign
Fourvariableswereretainedforthisexperimentaldesign:the
initial phenol concentration (X1), the ratio of the amount of
hydrogen peroxide to that of phenol introduced (X2), the ra-
tiooftheconcentrationofFe(II)totheconcentrationofphe-
nol (X3), and the temperature (X4). The injection duration
for the peroxide was ﬁxed after about 40 minutes and the pH
was ﬁxed at 3 at the beginning of the reaction by the addition
of 1M sulfuric acid. The ﬁelds of study were chosen accord-
ing to the conditions usually met in the industry (Table 2).
The response, y, of the system was the percentage of decrease
of the COD, y = 100 ·[(CODinitial/CODﬁnal)/CODinitial].
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Figure 1: Reactor.
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Figure 2: Evolution of phenol concentration and COD.
Table 2: Field of study of experimental parameters.
Variable Level −1L e v e l + 1
[Phenol]0 1gL −1 4gL −1
nH2O2/nphenol 10 28
[Fe(II)]/[phenol]0 0.02 0.08
Temperature 20◦C5 0 ◦C
The dilution eﬀect due to the addition of H2O2 and a so-
lutionofsodiumsulﬁtewastakenintoaccount.Theresponse
of each experiment is presented in Table 1.
Thematrixresolutionallowedtocalculatethevariousco-
eﬃcients of the model is shown in Table 3.
4.3. Repeatabilityandvalidationofthemodel
The experiment at the central point of the model (the value
of the coordinates of all the variables is 0: [phenol]0 =
2.5gL −1,n H2O2/nphenol = 19, [Fe(II)]/[phenol] = 0.05 and
T = 35◦C) has been repeated ﬁve times. The decreases of34 Journal of Automated Methods & Management in Chemistry
Table 3: Coeﬃcients of the model.
Direct terms Second-order interaction Third-order interaction Fourth-order interaction
Constant term a0 56.9 a12 −0.7 a123 2.0 a1234 −1.2
[Phenol]0 a1 0.7 a13 1.1 a124 −0.8 ——
nH2O2/nphenol a2 −0.5 a14 −0.5 a134 −2.0 ——
[Fe(II)]/[phenol]0 a3 7.8 a23 −0.8 a234 0.4 ——
Temperature a4 5.6 a24 −0.4 —— ——
a34 0.4 —— ——
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Figure 3: Interaction X1X2.
COD were respectively 57.8%, 58.4%, 56.8%, 57.7%, 58.5%.
So,theaverageresultoftheseexperimentswas57.8%andthe
standard deviation was σexp = 0.7, which was in good agree-
ment with the 56.9% predicted by the model and allowed to
verify its linearity. The variance σ2 on every coeﬃcient was
calculated according to the relation
σ2 =
σ2
exp
2k = 0.028, (9)
where
σ2
exp = 0.46, k = 16 (number of experiments). (10)
The standard deviation σ on every coeﬃcient is then
0.17. Given the value of the coeﬃcients (Table 3), these were
all signiﬁcant.
5. DISCUSSION
5.1. Treatmentefﬁciency
The average decrease of COD for all the experiments was of
56.9% (a0) and some experiments showed decreases up to
70% (experiments 13, 14, 15). Furthermore, HPLC analyses
showed that phenol disappeared during the ﬁrst few minutes
of the treatment. Oxidation by Fenton’s reaction is an eﬃ-
cient method to eliminate phenol.
5.2. Inﬂuenceofthevariables
Table 3 shows that two of the ﬁrst-order coeﬃcients were rel-
atively high (a3 = 7.8a n da4 = 5.6), whereas the other two
were much lower (a1 = 0.7a n da2 = 0.5). According to
these results, in the chosen ﬁeld of study, the amount of cat-
alyst and the temperature had an important inﬂuence on the
eﬃciency of the method. The initial concentration of phe-
nol and the quantity of hydrogen peroxide introduced were
shown to have less impact on the ﬁnal result.
Moreover, these coeﬃcients indicate that the higher the
temperature and the quantity of iron were, the more im-
portant the COD decrease becomes. The average decrease of
COD was of 49% with low iron concentrations and of 64.7%
withhighconcentrations.Thiscouldbeduetotheineﬃcient
regeneration of the catalyst. Moreover, the average decrease
was of 51.3% at 20◦C and of 62.5% at 35◦C.
It was diﬀerent for the other two variables. The average
decrease of COD was of 56.2% for [phenol]0 = 1gL −1 and
of 57.5% for [phenol]0 = 4gL −1. Also, 57.3% of the COD
were eliminated at low concentrations of H2O2 and 56.4%
for high concentrations. These results show that it was not
necessary to introduce hydrogen peroxide in excess since the
reaction was not as eﬀective in these conditions. In view of
theseresults,theoptimalvalueofthelattervariablemayeven
be lower than the low limit chosen.
5.3. Interactionsbetweenvariables
Thestudyoftheinteractionsbetweenvariablesshowstheim-
pact of one variable on another aﬀecting the eﬃciency of the
treatment. According to the values of the second-order coef-
ﬁcients,threeinteractionsseemedtobesigniﬁcant: theinter-
actions between X1 and X2 (a12 =− 0.7), between X1 and X3
(a13 = 1.1), and between X2 and X3 (a23 =− 0.8).
In Figure 3, the interaction between variables [phenol]0
and nH2O2/nphenol is presented. This ﬁgure shows that for low
pollutant concentrations, the quantity of H2O2 did not have
much eﬀect on the eﬃciency of the treatment, but for high
phenol concentrations, better results were obtained with a
lower concentration of peroxide. This lack of eﬃciency can
be attributed to a parasitic decomposition of H2O2 when it
was in excess amount in the reaction medium.
There is also a strong interaction between variables X1
and X3. The previous results showed that the higher theModeling of Fenton Reaction for Oxidation of Phenol in Water 35
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Figure 4: Interaction X1X3.
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Figure 5: Interaction X2X3.
amount of catalyst was, the more eﬀective the reaction was.
Figure 4 shows that this eﬀect was more signiﬁcant when the
concentration of phenol was high.
Figure 5 shows the interaction between variables X2 and
X3. The eﬀect was less signiﬁcant here than for the previ-
ous interactions. Previous results had shown that the reac-
tion was slightly more eﬀective when there was less hydrogen
peroxide present. The study of the interactions showed that
the higher the concentration of catalyst was, the more signif-
icant this eﬀect becomes.
Other interactions of the second degree were not signiﬁ-
cant.
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Figure 6: Interaction X1X2X3.
Results indicate that two interactions of the third degree
are not negligible: a123 = 2a n da134 =− 2. Figure 6 shows
the interaction between variables X1, X2,a n dX3.I ta p p e a r s
that the inﬂuence of the interaction X1X2 was enhanced by
variable X3.
6. CONCLUSION
The Fenton reaction is an eﬀective method for the treatment
of phenol: in the experimental conditions used, this pollu-
tantwastotallyremovedduringtheﬁrstfewminutesoftreat-
ment, and, after two hours of treatment, a decrease of COD
from 40% to 72% was obtained. Moreover, carboxylic acids
of low molecular weight were detected. These can be easily
removed by biological treatment.
An experimental design was applied to quantify the in-
ﬂuence of four variables (temperature, concentrations of
hydrogen peroxide, iron, and phenol) on the eﬃciency of
the treatment. In the ﬁeld of study considered, the domi-
nating parameters for the COD decrease were temperature
and iron concentration. The concentration of [phenol]0 and
amount of H2O2 were less inﬂuent. Moreover interactions
between these variables (phenol and iron, phenol and hydro-
gen peroxide, and iron and hydrogen peroxide) were signiﬁ-
cant.
The model shows that for any given concentration of
phenol, the value of the parameters which lead to the desired
COD decreases. Other considerations (e.g., the cost of the
treatment) can be used in order to ﬁnd the optimal combi-
nation given the operating circumstances.
The model indicates that an excess of hydrogen peroxide
does not improve the eﬃciency of the treatment. Moreover,
analysis shows that mineralization is incomplete. So, there
may exist an optimal value for the amount of H2O2,s t i l l
lower than the minimal value chosen for the experimental36 Journal of Automated Methods & Management in Chemistry
design, which would increase the eﬃciency of the process.
Furtherresearchtodeterminetheoptimalvaluecouldbecar-
ried out by using the method Uniplex.
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